This paper focusses on the analysis of thermo-mechanical and morphological properties of water hyacinth (WH) fiber reinforced polypropylene (PP) biocomposites manufactured by using a single screw extruder and an injection molding machine. With a view to increasing the compatibility between the WH fibers and polypropylene matrix, raw WH fibers were chemically treated with Benzenediazonium salt in base media. Composites were manufactured with five different levels of loading (15, 20, 25, 30 and 35 wt%) of both the raw and treated WH fibers. Thermal properties of WH-PP composites were evaluated by thermogravimetric and differential thermal analyses. To analyze mechanical properties of composites, tests of tensile strength and stiffness, flexural strength and stiffness, and Charpy impact strength were carried out following ASTM standards. It was found that thermal stability and all the mechanical properties except tensile strength were improved considerably for chemically treated WH fiber composites in comparison with untreated ones. Fracture surfaces of the tensile and flexural specimens were scanned with scanning electron microscopy (SEM) to understand their surface morphologies. The SEM images clearly revealed that there were fewer fiber agglomerations, microvoids, and fiber pull out traces in treated WH-PP composites than in the untreated ones indicating better distribution of the fibers into the matrix as well as stronger fiber matrix interfacial adhesion due to treatment of WH fibers. Water absorption properties were studied to evaluate the viability of these biocomposites under specified conditions.
INTRODUCTION
Natural fiber reinforced polymer matrix composites, often called biocomposites, are now preferred over artificial fiber reinforced composites as natural fiber composites have outstanding advantages of environment friendliness, biodegradability, recyclability, cost-effectiveness, and better physico-mechanical properties [1] [2] [3] [4] [5] [6] . The using of biobased lignocellulosic natural fibers as reinforcing materials for manufacturing of biocomposites is gaining more and more approval day by day due to their flexibility during processing (require low processing temperature), higher specific stiffness, lightweight, non toxic properties, and low cost. So far, numerous researches have been carried out on the polymer composites [7] [8] [9] [10] [11] [12] [13] , where different natural fibers such as wood fibers and flour, kenaf fibers, sago, rice starch, corn starch, pineapple leaf fibers, and coir fibers were used as fillers in polymer matrices. Among various natural fibers easily available to human beings, water hyacinth (Eichhornia crassipes) is one of the cheapest fibers and quite new in reinforcing thermoplastics. An experimental study to evaluate the mechanical and thermal properties of water hyacinth (WH) fiber reinforced low density polyethylene (LDPE) composites was conducted by Supri et al. [14] . This study appears to be the first attempt of using WH fibers as a reinforcing material. They observed good mechanical properties of WH-LDPE composites lead to concluded that WH fibers have a great potential to use as a filler materials in polymeric composites owing to their high content of cellulose. However, no systematic studies have been conducted for better understanding the thermal and mechanical properties of WH fiber reinforced polypropylene (PP) composites. WH is abundant in nature and reproduces freely on the surface of fresh water and also has a minimal effect on the environment due to their biodegradable properties [8] . Therefore, it is necessary to systemically explore the thermo-mechanical and morphological properties of WH-PP biocomposites to know their potential applications as engineering materials.
The physico-mechanical properties of lignocellulosic biocomposites mostly depend on the type of matrix, the properties and volume fraction of the reinforcing fibers, and fiber-matrix interaction. Uniform dispersion of the reinforcements can be achieved by effective mixing of the components and a proper compounding process. Like other natural fibers, one shortcoming that restricts the extensive usage of the WH fibers is the lack of good adhesion with most polymeric matrices [8, 14, 15] . The hydrophilic nature of WH fibers adversely affects adhesion with hydrophobic polypropylene (PP) matrix that may cause a loss of strength. To get rid of this problem, the surfaces of WH fibers have to be modified by suitable chemical treatment in order to promote adhesion.
It is reported [6] that the compatibility between fibers and matrix materials can be improved to a large extent by chemical treatments of the lignocellulosic fibers using a suitable chemical agents [6] . The effect of chemical treatment on coir fibers with benzenediazonium salt was analysed by Haque et al. [16] . Coir fibers were seen to have immense potential of better compatibility with PP after chemical modification and consequently the mechanical properties of the composites were increased significantly. Edeerozey et al. [6] reported that alkalization treatment of kenaf fibers with NaOH had improved significantly the mechanical properties of the kenaf fiber reinforced composites as compared to that of untreated fibers. Islam et al. [7] investigated the effect of chemical pre-treatment of wood fibers with 5% alkaline NaOH solution on physical and mechanical properties of wood polymer composites. They found that the chemical modification improved overall properties of the composites compared to that of the untreated fiber reinforced composites. This improvement was attributed to the better adhesion between polymer matrix and the chemically treated wood fibers. In the present paper, raw WH fibers were chemically treated with benzenediazonium salt in alkaline medium to increase the compatibility and adhesion of the WH fibers with the PP matrix. Composites were manufactured with both the treated and raw WH fibers and PP by using a single screw extruder and an injection molding machine. The thermo-mechanical and surface morphological properties of the WH-PP composites are presented. Also, the effect of the fiber loading on the above properties of the WH-PP composites are analysed and discussed.
EXPERIMENTAL 2.1 Materials
The thermoplastic polypropylene (PP) used as matrix material was supplied by the Linyi Aosen Chemicals Co. Ltd., Shandong, China, in the form of homo-polymer pellets. According to the manufacturer, the melt flow rate (MFR) of 8 g/10 min and melting temperature of 165-171 ˚C were noted for the specified PP. The fresh water hyacinth fiber was collected from local area of Bangladesh. The stems of the fresh water hyacinth were cleaned to remove adhering dirt and cut into small pieces followed by drying under solar radiation for 48 hours to evaporate any trace of water content. The dried water hyacinth was ground into powder, named as water hyacinth (WH) fibers. It comprises 18.4% cellulose, 49.2% hemicellulose, 3.55% lignin, 12.60% crude protein, and 16.25% other constituents [17] . The measured diameter of the WH fibers was between 350 to 400 µm. Chemicals used in this study to treat WH fibers were hydrochloric acid (HCl), sodium nitrite (NaNO2), sodium hydroxide (NaOH), aniline (C6H5NH2), and N,Ndimethyle aniline C6H5N(CH3)2.
Chemical Treatment of WH Fiber
In an attempt to improve mechanical properties of the composites, WH fibers were chemically treated using benzenediazonium salt. The hydroxyl group in the raw WH fibers is responsible for high water absorption and weak interfacial bond between the fibers and PP matrix. The chemical treatment converts the hydroxyl groups into diazo group and results in azo product, 2,6-diazocellulose. Benzenediazonium salt was synthesized by the standard diazotization method using both aniline and N,N-dimethyle aniline (NNDMA). WH fibers were dried at 105°C for 24 hr in order to minimize its moisture content to 1-2% and then kept in a sealed container. One litter 5% NaOH solution was taken in a 5 litter beaker into which 750 g WH fibers were submerged and kept for 10 min at about 5°C in an ice bath. A freshly prepared cooled (temperature below 5°C) solution of benzenediazonium salt was then poured slowly into the above mixture with constant stirring and kept for about 10 min. Later, the fibers were washed properly with distilled water and dried in open air under sunlight for 36 hours. WH fibers were treated with two types of Benzenediazonium chloride: (Anl)/NaOH and (NNDMA)/NaOH.
Fabrication of Composites
WH fibers were weighed according to the required weight fraction of fibers. Then they were dried in an oven at a temperature slightly higher than 100 °C for about 1 hr to evaporate any trace of moisture. Weighed amount of commercial polypropylene was taken in a beaker. To prevent voids, water bubbles, poor fiber-matrix adhesion, the polypropylene was dried in an oven at about 100 °C for 3 hr [4] . WH fibers were manually mixed thoroughly with PP granule in the beaker at various weight proportions. The WH fibers and PP were then melt-mixed by passing them through a single screw extruder machine. The processing temperature of the extruder was controlled at 165°C. The melt-mixed WH-PP was delivered from the extruder in the form of a rod of small diameter. The rod shaped meltmixed WH-PP was cut into small pieces of 5-10 mm length by a scissor. The small pieces of melt-mixed WH-PP products were then fed into an injection molding machine in order to prepare composite specimens directly as per ASTM standard. The injection molding temperature was maintained at 165°C. The injection-molding machine was vertical and operated manually. The tensile test specimens and bending test specimens were fabricated by using corresponding die in the injection molding machine. Finally, the specimens were carefully discharged from the die after complete cooling.
Thermal Property
The thermogravimetric analysis (TGA) and derivative thermal gravimetric (DTG) analysis were conducted by a TG/DTA-630 module analyser. The samples were scanned from 25°C to 600°C at 20°C/min in the presence of nitrogen.
Mechanical Property
In order to investigate the mechanical properties of the WH-PP composites, tensile, three point bending, and Charpy impact tests were carried out. The static tensile test of the composites were carried out in an universal tensile testing machine (Model Hounsfield UTM (H10KS), capacity: 10KN, Ogawa Seiki C. Ltd., Japan) at a cross head speed of 5 mm/min. Tensile tests were carried out following ASTM D 638-01, 2002 standard. The tensile strength and Young's modulus were calculated automatically by the QMAT software. Three point bending tests were carried out according to ASTM D 790-00, 2002 using the same testing machine mentioned above at the same crosshead speed. The dynamic Charpy impact tests were conducted according to ASTM D 6110-97, 2002 using an universal impact testing machine (Type: TIT-30, Tokyo Testing Machine MFG. Co. Ltd., Japan). Weight of the hammer of this machine was 20.54 kg. Notched composite specimens were used during the experiment.
Water Absorption property
The water absorption tests of the composites were carried out following ASTM: D 570-98, 2002. To measure the water uptake capacity of the composites, rectangular specimen of dimension76 mm × 25 mm × 3.4 mm was prepared. From the difference of the final and initial weights before and after immersion in a water bath for 24 hr, percentage of water uptake was calculated. In each test and type of composite, 10 specimens were tested and the average values are reported.
Morphological Properties
The morphology of the fracture surfaces of composites were studied by using scanning electron microscope (SEM), Model: JSM-5510 SEM analyser from JEOL Co. Ltd., Japan. Since the WH-PP composites are not conductive, before the examination of SEM, the fractured samples were mounted on aluminium stubs and allowed to undergo sputtering coating to make the samples conductive. The sample surfaces were sputter-coated with a thin gold layer of 20 nm to avoid electrostatic charging during examination.
3. RESULTS AND DISCUSSIONS 3.1 Thermal Properties Thermal characteristics of raw and treated WH fiber reinforced composites are displayed in Figs. 1 and 2 . The DTG and TGA have been carried out to evaluate the thermal stability and degradation of 35 wt% WH-PP composites. The DTG curves (Fig.1 ) of all composites showed an initial peak between 260 ˚C and 350 ˚C which corresponds to the thermal decomposition of hemicelluloses and the glycoside linkage of cellulose. After this peak, the curve corresponding to Benzenediazonium salt (NNDMA)/NaOH treated WH-PP composite exhibits single peak at 469 ˚C temperature while the raw WH-PP composite exhibits the peak at 462 ˚C temperature. The DTG curve of Benzenediazonium salt (Anl)/NaOH treated WH-PP composite exhibits single decomposition with the highest peak at decomposition temperature of 478˚C. The peak in the range of 400-500˚C is due to the thermal decomposition of lignin and α -cellulose [9] . Figure 2 shows the results of thermal gravimetric analysis (TGA) of WH-PP composites with 35% fiber loading. Table 1 shows the temperature of 50% weight loss, the final decomposition temperature, and residual mass of raw and treated WH-PP composites. These results show that Benzenediazonium salt, (Anl)/NaOH, treated WH-PP composites exhibit more thermal stability than those of Benzenediazonium salt, (NNDMA)/NaOH, treated WH-PP composites and raw WH-PP composites in terms of the highest final decomposition temperature and largest amount of residual mass. The raw WH-PP composites have shown least thermal stability. This was due to the presence of good interfacial adhesion between chemically modified WH fibers and PP as a result of uniform dispersion of fiber throughout the PP matrix. The better dispersion of filler acts as a barrier against the release of volatile matter from the composites during the thermal degradation. It also might be attributed to an adsorption effect of volatile gases at the fiber surface which affects to slow down the decomposition rate of polymer composites [18] . Fig. 3 . It is observed from the figure that the tensile strength of the WH-PP composites decreased with fiber loading. Similar results were also reported by other researchers [4, [12] [13] [14] [18] [19] [20] [21] . WH fibers are hydrophilic in nature owing to the presence of hydroxyl groups of the cellulose of WH, whereas the nature of PP is hydrophobic. Thus, the hydrophilic WH fiber does not interact well with the hydrophobic PP. As a consequence, the weak interfacial area between the WH fiber and PP matrix was increased with the increment of fiber loading that contributes to the decreasing trend of tensile strength. In order to increase the compatibility of the WH fibers with PP matrix, raw WH fibers were chemically treated with (Anl)/NaOH and (NNDMA)/NaOH. This consequently increased the tensile strength of (Anl)/NaOH treated WH-PP composites. It is found that the tensile strength increased approximately 4-12% over the raw WH fiber composites. The overall change of tensile strength due to the effect of chemical treatment may be due to the change in the structure of the cellulose unit of WH. The chemical treatment of WH reduced the hydroxyl group of the cellulose unit by coupling with basic diazonium salt. However, tensile strength of (NNDMA)/NaOH treated WH-PP composites decreased slightly over the raw WH-PP composites. The reason behind the decrease of tensile strength in this case is not well understood. The chemical reaction pathway is expected to be more complex than that of previous case, however the decreasing trend of tensile strength of (NNDMA)/NaOH treated WH-PP composites with fiber loading is not dissimilar of raw or (Anl)/NaOH treated WH-PP composites. However, in all the cases of composites, the strength is lower than that of neat PP. Figure 4 exhibits the Young's modulus of the composites corresponding to different fiber loadings. As expected, the addition of fiber increases the modulus of the composites, resulting from the inclusion of rigid fiber into the soft PP. This observation suggests that the incorporation of rigid fibers into the soft thermoplastic PP increases the stiffness of the composite. The chemically treated WH-PP composites are found to show higher modulus compared to those of the untreated ones. This indicates that homogeneous dispersion of WH fibers and better fiber-matrix interaction can be achieved by treatment of WH fibers. The range of the Young's modulus found in the present research is between 608-761 MPa, which is significantly higher than that obtained in a previous research [15] (150-260 MPa) using the same fiber material. The higher values of the Young's modulus found in the current research might be due to the chemical treatment of WH fiber and use of different matrix material. Between the two treated fiber composites, (Anl)/NaOH treated WH-PP composite appears to be better in terms of tensile strength and modulus than those of (NNDMA)/NaOH treated WH-PP composite. 
Flexural Properties
The variation of the flexural strength and modulus of both raw and treated WH reinforced PP biocomposites at different fiber loadings is shown in Figs. 5 and 6, respectively. From Fig. 5 , it is seen that the flexural strength of raw WH-PP composite increased with fiber loading up to 25% followed by reduction of strength for further addition of fibers. On the other hand, for chemically treated WH fiber reinforced PP composites, flexural strength increased steadily with the increase of the fiber content. The steady behaviour of flexural strength of the treated WH-PP composites could be a balance in the favourable entanglement of the polymer chain with the filler and opposing weak filler-matrix interfacial adhesion with increasing filler content. The (NNDMA)/NaOH treated WH-PP composites yielded higher flexural strength compared to the other WH-PP composites. It is found that the flexural strength increased by approximately 10-28% over the raw WH fiber composites, while the increment was 4-11% over (Anl)/NaOH treated WH-PP composites. It is evident from Fig. 6 that the addition of WH fibers to PP has significantly increased the modulus of the composites, which is found to be in good agreement with the results of previous studies [8, 14, 15] . Since WH fiber is a high modulus material [14] , higher fiber concentration in the composites demands stronger stress for the same amount of deformation. Consequently, flexural modulus of the composites increases with an increase in the fiber content. Both the flexural strength and modulus are found to be higher for chemically treated fiber, which could be due to better fiber-matrix interfacial adhesion and effective stress transfer from the matrix to the fiber. 
Impact Strength
Charpy impact strength as a function of fiber content of both the raw and chemically treated WH fiber reinforced PP composites is shown in Fig. 7 . The Charpy impact strength test is a standardized high strain-rate test which determines the amount of energy absorbed by a material during fracture. This absorbed energy is a measure of a given material's toughness and acts as a tool to study brittle-ductile transition. For fiber-reinforced polymeric composites, it depends on a number of factors, such as the nature of the fiber, polymer matrix, and the polymer-matrix interfacial bonding. An increase in toughness, i.e., increase in the resistance of crack propagation occurs if fiber bridges the crack in the composites [4, 19] . As shown in Fig. 7 , impact strength of both the raw and treated WH-PP composites show an increasing trend with an increase in the fiber loading, implying that the fiber is capable of absorbing energy. Further, treated WH-PP composites have improved impact strength over untreated WH-PP composites. This ensures the improved interfacial bonding between fibers and matrix providing an effective resistance to crack propagation during impact tests. Again, (NNDMA)/NaOH treated WH-PP composites exhibit higher impact strength than those of (Anl)/NaOH treated composites. It is found that the impact strength of (NNDMA)/NaOH treated WH-PP composites increased by approximately 31-78% over the raw WH fiber composites, while the increment was 25-50% over (Anl)/NaOH treated WH-PP composites. Significantly higher impact strength for (NNDMA)/NaOH treated WH-PP composites is probably due to the favourable interaction between the treated WH fiber and the hydrophobic PP chain of the matrix. It is speculated that the so-called fiber pullout and fiber agglomeration could be responsible for the lower impact strength of raw WH-PP composites.
Water Absorption Characteristics
Water absorption of WH fiber reinforced PP composites is one of the important characteristics that determines the suitability of terminal applications of these composites. Water absorption could lead to a decrease in some of the properties and needs to be considered when selected for a specific application. In fact, it is difficult to eliminate entirely the absorption of moisture from the composites without using expensive surface coatings on the surface of composites and/or fibers. Water absorption in lignocellulosic fiber-enriched composites can lead to build up of moisture in the fiber cell wall and also in the fiber-matrix interphase region. Water absorption characteristics of the WH-PP composites against fiber loading are shown in Fig. 8 . It shows that water absorption increased with an increase in fiber loading. Usually natural fiber-polymer composites without compatibilizer show remarkable water absorption due to the presence of voids [4, 11, 16, [21] [22] [23] . With an increase in fiber loading, the number of hydroxyl groups as well as microvoids in the composites increases, which result in an increase in water absorption. However, chemically treated WH fiber reinforced composites of the present study are found to show lower water absorption tendency compared to the untreated ones, indicating that the hydrophilic nature of WH fiber has substantially decreased upon chemical treatment with Benzenediazonium salt. This can directly be attributed to the decrease in the number of hydroxyl groups responsible for the hydrophilic nature of the cellulose that converted into diazo group and results in azo product, 2,6-diazocellulose. No dimensional change was observed upon immersion of the composites in water. This indicates that fibers are thoroughly encapsulated in the matrix. At the same time, it can also be ascribed that, due to favourable interaction between the matrix and the treated fibers, microvoids in the composites have substantially minimized, exhibiting lower water uptake tendency. It can be easily traced out that there are a number of agglomerations resulting from strong fiber-fiber interaction and fiber pullout marks in the SEM images of the raw WH fiber reinforced PP composite (Fig. 9a) . This implies that there is poor interfacial bonding between the matrix and the raw fibers. The raw WH fibers can be clearly seen in the composite micrograph of Fig. (9) d due to fiber pullout as a result of weak interfacial bonding between the eaw fiber and matrix.. For this reason, the raw WH-PP composites had worst set of mechanical properties. From SEM images of chemically treated composites (Figs. 9(b), (c) , (e), and (f)), it is seen that the fibers and matrix are not clearly differentiable due to improved interfacial bonding between them. During chemical treatment, hydrophilic -OH groups in the raw WH cellulose were converted to hydrophobic groups. Consequently, the interaction and interfacial bonding between the WH fibers and the PP matrix was increased, which in turn, increased the physico-mechanical properties of the resultant composites. Also, SEM images of chemically treated WH-PP composites show almost no signs of fiber agglomeration and microvoids in the fracture surface of the composite. In addition, the pullout traces are found to have substantially decreased for treated WH-PP composites. This supports that the interfacial adhesion between the chemically treated WH fiber and the PP matrix has become much more favourable upon treatment of the fibers. Figure 9 : SEM micrographs of 35 wt% WH-PP composites: (a) tensile fracture surface of raw WH composite, b) tensile fracture surface of (NNDMA)/NaOH treated WH composite, c) tensile fracture surface of (Anl)/NaOH treated WH composite, (d) flexural fracture surface of raw WH composite, (e) flexural fracture surface of (NNDMA)/NaOH treated WH composite, and (f) flexural fracture surface of (Anl)/NaOH treated WH composite.
CONCLUSIONS
The effects of fiber loading and chemical treatment of WH fibers on the thermo-mechanical and morphological properties on WH-PP composites have been investigated. It is found that WH fibers as renewable materials can be used to manufacture useful composites with good thermal stability and mechanical properties. The following conclusions could be drawn from the experimental results of this study:
1. Raw, (Anl)/NaOH, and (NNDMA)/NaOH) treated WH (35 wt%) fiber reinforced PP composites are thermally stable up to 273 C, 294 C, and 284 C, respectively. (Anl)/NaO -PP composites exhibit the best thermal properties in terms of thermal stability and lowest derivative weight loss with respect to time. 2. The tensile strength of the WH-PP biocomposites decreased with an increase in the WH fiber loading. However, the treatment of fibers with (Anl)/NaOH gives the maximum tensile strength of the composites. Thus, the treatment of WH fibers with (Anl)/NaOH is recommended when strength is the main concern. 3. In all the cases of composites, the Young's modulus, flexural strength, flexural modulus, and Charpy impact strength are found to increase with an increase in fiber loading and the values are found to be higher for treated WH-PP composites than those of the untreated ones. It is concluded that interaction between the fiber and the matrix has become more favourable upon chemical treatment of WH fibers. 4. Chemical treatment resulted in lower water absorption for treated WH-PP composites compared to raw WH-PP composites. This indicates that hydrophilic nature of WH fiber was reduced upon chemical treatment of WH fiber with Benzenediazonium salt in basic medium. 5. Morphological study of the fracture surface of WH-PP composites shows that, due to favourable interaction between the treated WH fibers and PP, microvoids in the composites are minimized, dispersion of the fibers in the matrix are improved, agglomeration of fibers in the composites and pulling out of fibers are reduced.
The above features ensure the net benefits of the composites of interest of this study. Furthermore, the composites of the present study are biodegradable, cost effective as WH is easily available in nature and environment friendly. Therefore, these composites could be considered as alternatives to costlier wood and can find applications in furniture, door panels, table tops and other potential applications.
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